Background
==========

Cannabis plants have been used for medical purposes for many years, primarily as agents for alleviating pain and enhancing appetite \[[@b1-medscimonitbasicres-19-6],[@b2-medscimonitbasicres-19-6]\]. However, due to the high psychoactivity of compounds found in marijuana, cannabis plants have generally not been considered as therapeutic agents in conventional medicine \[[@b1-medscimonitbasicres-19-6]\]. This changed when Δ^9^ tetrahydrocannabinol (THC) was identified as the main constituent of marijuana producing appetite stimulation and when the role of the endocannabinoid system in the regulation of the body energy homeostasis was discovered \[[@b2-medscimonitbasicres-19-6]\]. Anandamide and 2-arachidonylglycerol are the main components of this system \[[@b3-medscimonitbasicres-19-6]\]. Endocannabinoids modulate food intake through the cannabinoid (CB)1 receptor \[[@b4-medscimonitbasicres-19-6]\], located in the hypothalamic neurons involved in food intake control as well as in vagal afferent neurons in the gastrointestinal tract \[[@b5-medscimonitbasicres-19-6]\]. Anandamide injected both peripherally and centrally at low doses has been shown to increase food intake \[[@b2-medscimonitbasicres-19-6]\]. Similar effects are evoked by 2-arachidonylglycerol \[[@b1-medscimonitbasicres-19-6]\]. On the other hand, appetite-stimulating THC activity was confirmed in the treatment of anorexia accompanying Alzheimer's disease \[[@b1-medscimonitbasicres-19-6]\], senile dementia \[[@b1-medscimonitbasicres-19-6]\], anorexia nervosa \[[@b2-medscimonitbasicres-19-6]\], and acquired immunodeficiency syndrome \[[@b6-medscimonitbasicres-19-6]\].

However, comparison of the effects of different THC doses on food intake in various animal species has shown discrepant results \[[@b7-medscimonitbasicres-19-6]\]. Cannabinoids have been found to both stimulate and inhibit food intake. The decrease in food intake was observed after administration of high doses of THC and can be explained by the sedative actions of this agent. Similar observations have been made regarding the effect of another CB1 receptor agonist, WIN 55,212-2, on food consumption. Low doses (0.5--2 mg/kg) injected peripherally induced an increase in food consumption \[[@b8-medscimonitbasicres-19-6]--[@b11-medscimonitbasicres-19-6]\]. At the lowest dose (0.5 mg/kg) the tendency for abnormally large food intake was observed as soon as 1 hour after injection and persisted for up to 2 hours; whereas after a dose of 1 and 2 mg/kg, the tendency for hyperphagia was seen for up to 6 hours after administration \[[@b8-medscimonitbasicres-19-6]\]. It seems to be surprising that at high doses the effects of WIN 55,212-2 are opposite to those seen after low doses. High doses of WIN 55,212-2 result in a decrease in food intake and significant weight loss \[[@b8-medscimonitbasicres-19-6],[@b12-medscimonitbasicres-19-6],[@b13-medscimonitbasicres-19-6]\]. Similar anorectic effects were induced by another synthetic CB1 receptor agonist, HU210, also when administered at high doses \[[@b14-medscimonitbasicres-19-6]\].

It should be emphasized that in the studies published so far, the effects of WIN 55,212-2 on food consumption were investigated within the period of up to 6 hours after injection. However, considering the possible use of CB1 receptor agonists in the treatment of anorexia, it is important to investigate whether they can significantly affect energy balance for a period of time longer than a few hours after administration. Therefore, in this study we investigated the effects of increasing doses of WIN 55,212-2 on 24-hour food intake and body weight changes.

Endocannabinoids were reported to modulate the effects of orexigenic and anorexigenic neurotransmitters \[[@b15-medscimonitbasicres-19-6]\] and hormones, such as GLP-1 \[[@b16-medscimonitbasicres-19-6]\], on food intake. GLP-1 is a neuropeptide secreted from intestinal L cells and neurons located in the nucleus of the solitary tract in the brainstem \[[@b17-medscimonitbasicres-19-6]\]. The GLP-1 receptor occurs centrally in the brain areas associated with energy balance regulation and peripherally in vagal afferents \[[@b18-medscimonitbasicres-19-6]\], which pass information from the alimentary tract to the feeding centers in the brain.

Stimulation of GLP-1 receptor induces suppression of appetite, inhibition of gastric emptying, and an increase in insulin secretion \[[@b19-medscimonitbasicres-19-6]\]. Exogenous GLP-1 analogues or GLP-1 receptor agonists, such as exenatide and liraglutide, were demonstrated to suppress appetite in rodents, humans and other primates \[[@b18-medscimonitbasicres-19-6]\]. On the other hand, pharmacological blockade of the central GLP-1 receptor by its antagonist, exendin (9-39), results in an increase in food intake and body weight in the rat \[[@b20-medscimonitbasicres-19-6],[@b21-medscimonitbasicres-19-6]\].

Since GLP-1 and CB1 receptors are expressed on vagal afferent neurons in the gastrointestinal tract, it seems that the combined administration of agents changing the activity of both receptors could result in the reciprocal stimulation or inhibition of their effects on appetite. Recently, we demonstrated that blockade of the CB1 receptor by its antagonist, AM 251, and stimulation of the GLP-1 receptor by exendin-4 acts synergistically in terms of the reduction of food intake and body weight in rats \[[@b16-medscimonitbasicres-19-6]\]. Thus, with reference to the above-mentioned study, it would be useful to investigate whether a similar relationship would occur when the CB1 receptor is stimulated and the GLP-1 receptor is blocked. Therefore, the aim of this study was to determine if exendin (9-39), the GLP-1 receptor antagonist, and WIN 55,212-2, the CB1 receptor agonist, would potentiate their effects on appetite. Additionally, the effects of simultaneous stimulation of the GLP-1 receptor by exendin-4 and the CB1 receptor by WIN 55,212-2 on food consumption and body weight changes were tested.

Material and Methods
====================

Animals
-------

The study was carried out on male Wistar rats weighing 280 to 320 g. The animals were housed individually in plastic cages and maintained on a 12:12 light-dark cycle at 20°C to 22°C. The animals had free access to standard rat chow LSM (WKiMP "AGROPOL", Motycz, Poland) and water. Each rat received a pre-weighed amount of pelleted chow and tap water every day. Four days prior to injection, the rats were habituated to experimental conditions to reduce the possible effects of stress on results. Each group included 5 to 9 animals. All the procedures were approved by the Ethics Committee at the Medical University of Lodz.

Experimental procedures
-----------------------

The first experiment was aimed at determining the effects of increasing doses of WIN 55,212-2 on feeding behavior and finding the lowest dose that can significantly affect food intake. Rats were injected intraperitoneally with WIN 55,212-2 ((R)-(+)-\[2,3-Dihydro-5-methyl-3\[(4-naphthalenyl)methanone mesylate, SIGMA, St. Louis, MO, USA) at a dose of 0.5, 1.0, 2.0 and 4.0 mg/kg. Initially WIN 55,212-2 was dissolved in DMSO (dimethyl sulfoxide, SIGMA, St. Louis, MO, USA) and then diluted with 0.9% NaCl using Cremophor TWEEN 80 (SIGMA, St. Louis, MO, USA), 2%: 97%: 1% v/v, respectively, until obtaining the required concentration. Food intake and body weight were recorded every 24 hours 2 days prior to and 2 days after the injection.

The aim of the second experiment was to investigate whether WIN 55,212-2 and exendin (9-39) (BACHEM, Switzerland) at subthreshold doses showed synergistic effects on food intake or body weight gain. The rats were administered exendin (9-39) and WIN 55,212-2 alone or in combination at doses of 160 μg/kg and 1 mg/kg, respectively; 0.9% NaCl was used in the control group. Exendin (9-39) was dissolved in sterile 0.9% NaCl. WIN 55,212-2 was administered 15 minutes after exendin (9-39). Daily food intake and body weight were recorded as in the previous experiment.

The aim of the third experiment was to investigate whether exendin-4 (BACHEM, Switzerland) and WIN 55,212-2 would reciprocally modify their effects on food intake. The rats were injected intraperitoneally with each agent either separately or in combination at a dose of 3 μg/kg and 2 mg/kg, respectively. Control rats received 0.9% NaCl. Exendin-4 was dissolved in sterile 0.9% NaCl. WIN 55,212-2 was injected 15 minutes after exendin-4 injection. Daily food intake and body weight were recorded as indicated above.

Statistical analysis
--------------------

The results of the experiments were analysed with statistical software STATISTICA 8 (StatSoft, Poland) with the use of repeated-measures analysis of variance (ANOVA) and post-hoc analysis (Fisher's NIR test). A p-value \<0.05 was set to be statistically significant.

Results
=======

There were no significant differences in initial body weight or in the amount of food consumed by the rats among all the experimental groups. WIN 55,212-2 did not significantly change the 24-hour food intake or body weight when administered at low doses (0.5, 1.0 and 2.0 mg/kg). However, when the drug was administered at the highest dose (4.0 mg/kg) it resulted in a marked (p\<0.001) decrease in the amount of food consumed at 24 hours, but not at 48 hours, after the injection. Also, body weight was decreased, and this effect was significant at 24 and 48 hours after the injection (p\<0.05, [Figure 1](#f1-medscimonitbasicres-19-6){ref-type="fig"}).

Exendin (9-39) and WIN 55,212-2 each administered alone did not change daily food intake or body weight as compared with control animals. Combined administration of these agents did not significantly affect these parameters ([Figure 2](#f2-medscimonitbasicres-19-6){ref-type="fig"}).

Exendin-4 and WIN 55,212-2 injected alone did not cause statistically significant differences in daily food intake or body weight compared to the control animals. However, a combination of these agents induced a decrease in food intake on the first and second day after the injection (p\<0.001 and p\<0.01, respectively). Also, a significant body weight loss was observed on the first day (p\<0.001) and maintained on the second day after injection (p\<0.01, [Figure 3](#f3-medscimonitbasicres-19-6){ref-type="fig"}).

Discussion
==========

We found that WIN 55,212-2, a synthetic CB1 receptor agonist, injected at doses of 0.5 to 2.0 mg/kg did not have any significant effects on 24-hour food intake, whereas a dose of 4 mg/kg inhibited food intake and subsequently resulted in body weight loss. We also found that the inhibitory effects of a single dose of WIN 55,212-2 was temporary and lasted only 24 hours. Interestingly, this decrease in food intake was accompanied by body weight loss, which was maintained longer than the anorexigenic effect. These findings may indicate that a high dose of WIN 55,212-2 causes a negative energy balance, not only due to an anorexigenic effect, but also likely due to increased energy expenditure. If this is the case, it would mean that the CB1 receptor agonist applied at high doses causes effects characteristic of CB1 receptor antagonists \[[@b22-medscimonitbasicres-19-6],[@b23-medscimonitbasicres-19-6]\].

Earlier studies have demonstrated divergent effects of WIN 55,212-2 on food consumption. The stimulatory effects of low doses of WIN 55,212-2 injected peripherally has often been described \[[@b8-medscimonitbasicres-19-6]--[@b11-medscimonitbasicres-19-6]\]. However, the orexigenic effects of this drug often lasted only for a few hours after drug administration \[[@b8-medscimonitbasicres-19-6]\]. This fact explains why we did not observe any marked changes in food consumption in rats treated with similar doses of WIN 55,212-2 at 24 hours after the injection. On the other hand, WIN 55,212-2 used at a dose comparable to or higher than the highest dose administered in our study, suppressed appetite \[[@b8-medscimonitbasicres-19-6]\]. Similarly, AM 404, a drug enhancing the action of endocannabinoids by blocking anandamide reuptake, demonstrated an inhibitory effect on food intake \[[@b24-medscimonitbasicres-19-6]\]. It seems that overstimulation of the CB1 receptor with high doses of the above-mentioned agonists can lead to its desensitization. This, in turn, may result in reduced activity of the CB1 receptor and, consequently, in the loss of its ability to respond to stimulation by endogenous agents under physiological conditions \[[@b25-medscimonitbasicres-19-6]\]. As WIN 55,212-2 is a synthetic CB1 receptor agonist, it demonstrates higher durability and capability of binding with CB1 receptors compared with natural neuromediators \[[@b26-medscimonitbasicres-19-6]\]. Therefore, when administered at high ("pharmacologic") doses, it can act as a cannabinoid antagonist \[[@b27-medscimonitbasicres-19-6]\]. This fact could explain the paradoxical decrease in appetite observed after administration of CB1 receptor agonists in this and other research studies.

Different effects of high and low doses of cannabinoids on appetite can also result from their influence on various neurotransmitters mediating the action of cannabinoids in the brain. Low doses of cannabinoids were demonstrated to inhibit glutamate release and produce hyperphagia, whereas high doses inhibit the secretion of gamma-aminoacetic acid and cause hypophagia \[[@b28-medscimonitbasicres-19-6]\]. The fact that higher doses of cannabinoids inhibit appetite can be additionally explained by their suppressive effects on gastrointestinal motility \[[@b29-medscimonitbasicres-19-6]\] and gastric emptying \[[@b12-medscimonitbasicres-19-6]\].

In the second experiment we investigated whether a GLP-1 receptor antagonist and a CB1 receptor agonist can reciprocally modify their effects on food intake. Earlier reports published by other authors indicate that intracerebroventricular administration of exendin (9-39) stimulates food intake \[[@b21-medscimonitbasicres-19-6],[@b30-medscimonitbasicres-19-6]\]. Moreover, exendin (9-39) was found to enhance the orexigenic action of neuropeptide Y \[[@b21-medscimonitbasicres-19-6]\] and attenuate the anorexigenic effect of lipopolysaccharide \[[@b31-medscimonitbasicres-19-6]\], thus indicating that it may modify the effects produced by other factors influencing appetite. On the other hand, previous studies demonstrated that co-expression of CB1 and orexin 1 receptors enhances the activity of the latter receptor \[[@b32-medscimonitbasicres-19-6]\]. Because CB1 \[[@b33-medscimonitbasicres-19-6]\] and GLP-1 \[[@b34-medscimonitbasicres-19-6]\] receptors were detected in vagal afferent neurons transferring information from the gastrointestinal tract to the brain feeding centers, it may be assumed that endocannabinoids and GLP-1 would cooperate in the modification of these centers' activity. We found, however, that simultaneous peripheral administration of WIN 55,212-2 and exendin (9-39) did not significantly change appetite or body weight of rats. Hence, under conditions of our experiment, exendin (9-39), a GLP-1 receptor antagonist together with WIN 55,212-2, a CB1 receptor agonist, did not evoke a synergistic stimulatory effect on appetite or body weight gain. This is in agreement with our earlier observation that exendin (9-39) does not modify the anorexigenic effect of AM 251, a CB1 receptor antagonist \[[@b16-medscimonitbasicres-19-6]\].

In our third experiment we demonstrated that WIN 55,212-2 and exendin-4 each injected alone at low doses did not significantly affect food intake or body weight in rats, whereas their combined administration at subthreshold doses caused a decrease in food consumption and in body weight. It is of interest that this effect is similar to that described in our previous study, where exendin-4 and AM 251, a CB1 receptor antagonist, showed a synergistic effect on the reduction of food intake and body weight \[[@b16-medscimonitbasicres-19-6]\]. The above results demonstrate that the anorexigenic effect of exendin-4 may be enhanced under both the blockade and stimulation of CB1 receptor. However, it seems that the unexpected enhancement of anorexigenic effects of exendin-4 by WIN 55,212-2 does not result from its direct influence on feeding centers in the brain, but rather from other mechanisms indirectly suppressing appetite.

The decrease in food consumption in animals treated with both exendin-4 and WIN 55,212-2 could be the result of their additive, inhibitory effects on gastric emptying \[[@b35-medscimonitbasicres-19-6], [@b36-medscimonitbasicres-19-6]\]. Another possible mechanism by which both agents decreased food consumption is their suppressive effect on locomotor activity. Earlier studies demonstrated that both WIN 55,212-2 and exendin-4 at the doses similar to those used in our study decreased motor activity in animals \[[@b37-medscimonitbasicres-19-6],[@b38-medscimonitbasicres-19-6]\]. Thus, the sedative action of both drugs can be responsible for the decrease in appetite.

Conclusions
===========

The results of our study indicate that WIN 55,212-2, a CB1 receptor agonist, injected intraperitoneally at low doses does not significantly alter daily food consumption. These results also confirm earlier reports that the CB1 receptor agonist injected at a high dose inhibits food intake. Furthermore, we have demonstrated that simultaneous administration of 2 potentially orexigenic agents, exendin (9-39) and WIN 55,212-2, does not modify food intake in rats. However, the anorexigenic actions of exendin-4, a GLP-1 receptor agonist, are enhanced by even a subthreshold dose of WIN 55,212-2. Thus, we conclude that, regarding the ambiguous role of peripheral CB1 receptors in the regulation of food intake, agonists of this receptor administered to induce appetite should be used with caution. Further studies are needed to explain the dual action of the cannabinoid system on feeding centers in the brain.
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![Effects of intraperitoneal administration of various doses (0.5, 1.0, 2.0, 4.0 mg/kg) of a cannabinoid CB1 receptor agonist, WIN 55,212-2 (WIN), on daily food intake (panel A) and body weight changes (panel B) in the rat. The initial values in panel A are the mean food consumption during two consecutive days before the injection of the drugs. The subsequent measurements were made 24 and 48 hours after injections. Body weight changes in all groups were measured on the day of injection and compared to results obtained 24 and 48 hours after the injection. Data are mean ±SEM. \* p\<0.05; \*\* p\<0.001.](medscimonitbasicres-19-6-g001){#f1-medscimonitbasicres-19-6}

![Effects of intraperitoneal administration of a combination of a GLP-1 receptor antagonist exendin (9-39) (Ex 9) and a cannabinoid CB1 receptor agonist WIN 55,212-2 (WIN) on daily food intake (panel A) and body weight changes (panel B) in the rat. The initial values in panel A are the mean food consumption during two consecutive days before the injection of the drug. The subsequent measurements were made 24 and 48 hours after injections. Body weight in all groups was measured on the day of injection and compared to results obtained 24 and 48 hours after the injection. There were no significant differences. Data are mean ±SEM.](medscimonitbasicres-19-6-g002){#f2-medscimonitbasicres-19-6}

![Effects of intraperitoneal administration of a combination of a GLP-1 receptor agonist, exendin-4 (Ex 4), and a cannabinoid CB1 receptor agonist, WIN 55,212-2 (WIN), on daily food intake (panel A) and body weight changes (panel B) in the rat. The initial values in panel A are the mean food consumption during two consecutive days before the injection of the drug. The subsequent measurements were made 24 and 48 hours after injections. Body weight in all groups was measured on the day of injection and compared to results obtained 24 and 48 hours after the injection. Data are mean ±SEM. \* p\<0.01; \*\* p\<0.001.](medscimonitbasicres-19-6-g003){#f3-medscimonitbasicres-19-6}
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